The Open Circuit Voltage (OCV) is a measure of the electromotive force of the battery, which has a monotonic relationship with the State of Charge (SOC). This relationship is widely used in SOC estimation. However, Li-ion batteries have different capacities available at different temperatures, leading to the great variation of the SOC definition. In addition, the OCV-SOC curve of the battery varies greatly at different temperatures. And it is thus necessary to store multiple OCV-SOC curves or OCV-Temperature fitting curves at different SOC in hardware while using this method.
Therefore it comes with great challenge to accurately estimate SOC of batteries at different temperatures.
In this paper, we propose a method to normalize battery capacity by top SOC alignment, which is adopted to estimate SOC at -20 °C~+55 °C only by the OCV-SOC curve at room temperature for Li-ion batteries (LiNi1/3Co1/3Mn1/3O2, NCM). The normalized OCV-SOC curves are very similar, and the curve at room temperature can be used to represent the curves at other temperatures. Experimental results indicate that this proposed method exhibits a high accuracy and can reduce the data volume dramatically for SOC estimation. It delivers a good engineering solution for battery management system in electric vehicles and power grid energy storage.
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Nomenclature

Symbols
CT
The available capacity of batteries at temperature T.
Csta
The available capacity of batteries at 25℃.
Crem
Remaining capacity of the battery.
Cdis
Battery discharged capacity.
SOCT
State of charge, the ratio of the Crem to CT.
SOCbT
State of charge, the ratio of the Crem to Csta.
Subscript T Temperature (Celsius).
Introduction
The Li-ion battery is widely used in energy storage system. SOC is generally defined as the ratio of remaining capacity to available capacity. SOC can be employed as a replacement for a fuel gauge, which is one of the main tasks of the Battery Management System (BMS) in electric cars [1, 2] .
Ref. [1] analyzed more than 350 references and compared the SOC estimation methods in the BMS. The method of SOC estimation can be divided into several categories: the OCV curve method [3] , the current integral method [4] , the neural network method [5] [6] [7] , the Kalman filter method [8] ,the adaptive extended Kalman filter method [9] and the fractional order unscented Kalman filter [10] . Compared with other methods, the OCV curve is simple to operate, and the amount of calculation is small. There are two basic approaches for this method: One is using OCV to get SOC data directly by a look-up table [10] , and the other one is building a model with OCV as a variable, then using OCV to calculate SOC [7] .
Different available capacities of the battery at different temperatures will affect the SOC estimation and the working strategy. In the low-temperature environment, the battery capacity will decrease due to the increase of internal resistance [12, 13] . However, a battery that terminates discharge at a low temperature can be discharged again when the temperature rises [14] . Ref. [15] tested batteries in a wider temperature range and concluded that battery capacity is positively correlated with temperature. In this case, some SOC estimation methods choose to ignore the influence of temperature [5] , and others choose to use temperature as one of the variables of SOC estimation [7, 14, 15] , which means more OCV curve information or parameters. Ref. [11] charged the battery from empty-to-full with a very low current (C/30 to C/40) and concluded that the battery capacity is approximately constant at different temperatures. However, the capacity obtained by this method cannot be fully used in practical applications. In Ref. [16] , a double-scale PF method has been developed that considers the battery system parameter set and state set change on two different time scales, which has been applied to realize the real-time estimation of battery SOC and prediction of battery remaining available energy. But a lot of data still limits the use of this method. Ref. [17] further proposed the normalization method, using the normal temperature capacity as the denominator of the SOC formula at different temperatures. They fitted the OCV curve for each temperature at different SOC and then calculated SOC by using the fitting curves. Unfortunately, considering that there are so many fitting parameters (the parameters at different SOC points are different, even at the same temperature), this method requires more storage space in BMS. Like existing methods with big data inside, this will hinder the application of this method in BMS. On the other hand, the original state of their batteries is not limited. Because the state of the battery is different at different temperatures (used to be ignored), in this paper, batteries are charging from empty to full at 25°C before each discharging test. In this way, we can ensure that each battery is in the same state before discharging. We call it the "top alignment" (Fig. 1) .
The rest of the paper is organized as follows: Section 2 describes our experimental equipments and methods. Section 3 introduces the similarity between these OCV curves at different temperatures after the capacity normalizing. At the same time, the feasibility of using the room-temperature SOC-OCV curve to estimate SOC is proved by error analysis. The BMS calculation and display process based on capacity normalization are also introduced in Section 3. Finally, Section 4 concludes with a summary and future research directions.
Experiment
This experiment is based on the cylindrical NCM battery-N18650CL-29, which is produced by Shenzhen BAK Battery. The battery's cut-off voltages are 4.2V and 2.5V. The nominal capacity is 2750mAh (1C). The OCV curve data is gathered by experiments conducted on three batteries at seven different temperatures using a thermal chamber and an Arbin battery test station with eight channels (Its voltage range is 0~5v, and the current range is 0~10A.).
Capacity test
Put the battery in the thermal chamber and set the temperature. Charge the battery with a constant current of 0.5C until the voltage reaches 4.2 V, then keep the voltage at 4.2 V and charge until the current is less than 0.01 C. The charging capacity (by Constant Current and Constant Voltage, CCCV) is taken as the result of this capacity test. Repeat the test until the error between the last three results is less than 2%. The average of these three tests is taken as the capacity of the battery at this temperature. Take Battery A as an example, it's Csta=C25°=2816.1mAh, while it's C-20°=2041.8mAh. For each battery at temperature T, the OCV curve data is collected in the following manner: First, the battery is fully charged with CCCV method at 25℃ (Top alignment). Then, the battery is rested at the test Temperature temperature T for 2h to get the OCV of 100% SOCT. Discharge that battery at 1C rate to 95% SOCT and rest it for 2h to get the OCV. Repeat this process until we get the OCV curve data, which includes thirteen SOCT points -100% 、 95% 、 90% 、 80% 、 70% 、 60% 、 50%、40%、30%、20%、15%、10%、5%. After the above operation, we can get the OCV curve data for all three batteries (A, B, C) at all seven temperatures. Data A is used to analyze. Data B and C are used to verify the conclusion. SOC is generally defined as the ratio of remaining capacity Crem to available capacity CT. This method is feasible when the battery operating temperature is stable. But the available capacity CT of the battery at different temperatures is different. When the battery temperature changes frequently, this will confuse the decision making in BMS. We use battery A as an example to illustrate this problem. After charged with CCCV, Battery A is discharged 1830mAh at 25℃ (65% of its capacity), so its SOC25°should be 35%. When the temperature drops to -20°, its SOC-20°= 10.35% due to a change of available capacity (although there was no discharge process, Fig.2 ). This judgment of the SOCT change is based on the top alignment, which ensures that each battery at different temperatures is discharged from the same initial state (It will be detailed in Eq. (1) at Section 3.1). Similarly, at a higher temperature, the SOC of the battery will increase. Can we find a way to solve the problem? The denominator in the SOC formula (CT) changes with temperature. As long as a constant is chosen as the denominator, the SOC values at different temperatures can be unified on one scale. This is called the capacity normalization.
OCV curve test
Results
Capacity normalization
We define SOCT as the ratio of Crem to CT and SOCbt as the ratio of Crem to Csta. In our experiments, the same charging process ensures that the battery capacity and battery state are the same before each OCV curve test (Top alignment). Therefore, SOCbT can be calculated by Eq. (1) . Taking the test data of -20°C as an example, the correspondence between SOC-20°, C-20°and SOCb-20°is shown in Table 1 . We can find that the battery depletes the available capacity and loses its discharge capacity when the SOC-20°reaches 5%, but it still can discharge at other temperatures (This judgment is experimentally proved in Ref. [17] ). When the battery temperature rises to 25 °C, its SOC will return to 31.121%. Figure 4 Error distribution curve of ΔSOCmax. The OCV-SOCT curve and the OCV-SOCbT curve at seven temperatures of Battery A are plotted in Fig.3 . It can be concluded that the OCV-SOCbT curve at each temperature is highly consistent. To verify this, we also plotted the OCV-SOCbT curve for the B, C battery in Fig.3(c) and Fig.3(d) . The OCV-SOCbT curve at 25 °C can be used to replace other curves, and we call this curve OCV-SOCsta curve.
Error analysis of SOC estimation method based on room-temperature SOC-OCV curve and capacity normalization
As mentioned in Section 1, SOC can be quickly obtained with the help of the OCV curve. Since the coincidence of the OCV-SOCT curve of the battery at different temperatures is poor in Fig. 3(a) , the existing look-up table method can only choose between a larger amount of data and a larger estimation error. But now, BMS only needs to store the OCV-SOCsta curve (OCVSOCsta Table) and the capacity of the battery at different temperatures (T-C Table) to complete the SOC estimation. When the system needs SOCT, the SOCsta can be obtained by using the OCV-SOCsta Table, and then the corresponding SOCT can be calculated by using the T-C Table and the Eq. (1). This method can improve accuracy while streamlining the database, and a more detailed example will be given in Section 3.3.
Figure 5
The ΔSOCT-OCV curve at different temperatures. Now we begin to quantify the error. The error analysis mainly focuses on two points: Firstly, the range between the SOCbT value corresponding to the same OCV point is analyzed. The smaller the range is, the more concentrated these curves are, and the more credible this method is. Secondly, the OCV-SOCsta curve is compared with each OCV-SOCT curve of other temperatures, and the error of this method at different temperatures can be found out.
• The range analysis Find the SOCbT values for each OCV point at T and get their range (ΔSOCmax). Use SOCsta as the abscissa. The results are shown in Fig.4 . The error has a maximum of 6.73% at 26% SOCsta. In other locations, the error is mostly concentrated around 3.8%. As we can see, these curves are very consistent, and the SOC estimation method using the OCV-SOCsta Table and the  T-C Table is feasible.
• The error analysis at different temperatures
To study the error of this SOC estimation method, calculate the difference (ΔSOCT) between OCV-SOCbT and OCV-SOCsta and draw Fig.5 . Calculate the standard deviation σSOCT of ΔSOCT (Table 2) . It can be seen that the error at low SOC is larger than high SOC. For temperatures above -10 °C, the error is less than 3.83%, and the standard deviation of the error is less than 2.34%. Considering the sharp drop in the amount of data brought by this method, this error is acceptable. Figure 6 The flowchart of the SOC estimation method based on OCV-SOCsta curve.
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Discussion
The SOCT describes the endurance of the battery at the current temperature. The SOCbT is a transition parameter, which can be used to simplify the SOC estimation method. At the same time, it can also describe the remaining energy of the battery without regard to temperature effects. They have different applications in BMS. For example, the OCV-SOCsta curve (OCV-SOCsta Table) and the capacity of the battery at different temperatures (T-C Table) are stored in a pure electric vehicle's BMS. At the end of the first day's work, the battery is depleted at a low temperature (T1 = -10°C) while it's OCV = 3.55. Using the OCVSOCsta Table, we can find out the SOCbT= 22.61%. Using the T-C Table to get CT1. With the help of the Eq.
(1), the SOCT1 = 7.13%. That is the endurance of the battery, which should be displayed on the screen. When the battery turns on the next day, the temperature T2 = 10°C. Repeat the above steps to get the results -SOCT2 = 17.80%. The BMS displays the SOCT2 on the screen. The flowchart is shown in Fig.6 .
Conclusions
In this paper, the importance of top alignment for capacity normalization is emphasized. The law between different OCV-SOCbT curves is confirmed, and the OCVSOCbT curve at 25°C can be used to replace other curves. Furthermore, the problem of SOC estimation is completed simply and accurately by capacity normalization and the room-temperature SOC-OCV curve. The error of this method is less than 3.83% within the full temperature range and less than 2.34% above -10 ℃ . So this method is suitable for engineering applications. Finally, the example of an electric vehicle BMS illustrates this method and the meaning of SOCT and SOCbT. This paper chooses the top alignment, which is mainly suitable for applications with controllable charging (such as electric vehicles). The opposite of this method is bottom alignment -the battery is discharged from full to empty under the same conditions and charged at different temperatures. Our team is conducting the related research.
